Lower extremity weakness is a serious problem afflicting people all over the world. Until recently the mobility options for people with this condition have been confining and limit the individuals functionality. Walking assist devices are presently in development to restore hands-free walking to people with lower extremity weakness. These devices provide the necessary support and power to enable the individual to restore normal ambulation.
INTRODUCTION
Lower extremity weakness is one of the most confining and debilitating conditions that can happen in a persons life. Lower extremity weakness encompasses a subset of the population, estimated to be approximately 1.5M individuals in the US alone, which has an intact spinal cord with motor control, but lacks the muscle strength necessary to complete motor actions [1] . The lack of muscle strength is due to various degrees of muscle degeneration which could be caused by muscular dystrophy, muscle atrophy or traumatic experiences that cause decreased anatomical power. The lack of adequate strength of the patient with lower extremity weakness limits these individuals mobility and ability to walk safely.
Although the current standard of care, passive devices like canes and wheelchairs limit the persons mobility. To address it, passive and active assistance devices, and mobility and strength training devices are currently being developed [2, 3, 5] . Recent developments to combine passive and active assistance have been directed towards having a closer approximation to walking, to provide the individual with a wider range of motion and hands free walking.
The proposed single leg external walking assist device design is powered by a single motor to provide reproducible gait, with an integrated active control system.
DESIGN Hip Actuation Design
In gait, the hip joint rotates within the acetabulum through a pendulum-like trajectory. In an average human being, the hip joint rotates approximately 40 o through a single gait cycle. At 0% gait cycle, toe off, as seen in Figure 1 , the leg is at approximately 27 o while at 50% gait cycle, heel strike, the leg is at −14 o , relative to the sagittal plane.
To simulate the hip rotation in sagittal plane, the proposed design of the hip actuation utilizes a four-bar crank-rocker link- Figure 2 . Crank-rocker mechanism age system ( Fig. 2) to mimic the normal human ambulation trajectory.
The global position vector, P, of the reference point of the rocker (Point B), is determined using [6] :
The global position vector, Q, of the reference point C, is determined using :
Or, we get,
With,
the loop closure equations of the four-bar linkage are. r 2 cos(t 2 ) + r 3 cos(t 3 ) + r 4 cos(t 4 ) = r 1 (1) Eqs. 1 & 2 were solved to determine t 3 , and t 4 as a function of the crank angle t 2 , and to generate and simulate the ambulation trajectory for a single gait cycle (Fig. 3) . The peak to peak angle derived from the plot is 41.6 o , which concurs with others [4] . With a time ratio of 1.1, the dimensions of the crank rocker system are: r 1 = 2.75 in, r 2 = 0.5 in , r 3 = 2.9 in, r 4 = 1.5 in. The design developed in WorkingModel is shown in Figure 4 .
Knee Actuation Design
The EXO-LEG incorporates the knee actuation by using linkages attached to the hip joint, that translate the power of the motor at the hip to actuate the knee. By using linkages, a purely mechanical approach, the EXO-LEG utilizes a single motor to couple the actuation of the hip and knee. Also, links are adjoined by pins and rigid keys. The dimensions of the links were determined through an iterative process using Working Model 2D software (Design Simulation Technologies, Inc. Canton, MI) (Fig. 5) .
To analyze the proposed design, the average trajectory of the knee [5] was compared with the design output. The black line represents the average trajectory for the knee and the red line is the trajectory of the design (Fig. 6 ). It can be observed that the trajectory is a close approximation of the desired motion. A locking mechanism has been incorporated in the design to provide support for the patient during stance phase using worm gears [5] , and the red line is the trajectory of the knee with the proposed knee linkages located at the hip. When the device is in stance phase, the device will lock at the hip, causing the entire linkage system to lock.
The synthesized linkage system modeled in Working Model 2D is shown in Fig. 7 .
Ankle Design
The ankle stabilization design prevents foot drop through swing phase and prevents ankle injuries due to inversion and eversion of the foot. Also, the ankle design integrates a force sensor at the heel of the foot, which provides input to the microcontroller when heel strike occurs. Heel strike acts as a trigger point in the EXO-LEG control system. The ankle component of the EXO-LEG attaches effortlessly to the calf linkages. These constraints led to a simple yet effective design for the ankle portion. The ankle design is a two component system constructed out of polyethylene. The design fits under the patients shoe and attaches to the calf portion by riveted plastic strips. A piston cylinder coupled with a spring mechanism is attached at the posterior of the ankle to prevent the foot drop.
The mechanics behind the design : When the subjects foot is in its neutral position (90 o angle with the sagittal plane), the spring will be in its relaxed position. When the foot plantar flexes, as in foot drop, the spring compresses to create a counterbalancing moment to prevent foot drop from occurring. When the foot dorsiflexes a slider moves to keep the spring in its relaxed position, thus generating no counter moments.
Motor
An electrostatic actuator/ motor is proposed as an alternative power source to a mechanical motor. An electrostatic actuator is a light, efficient means of providing torque to a system, as it replaces weight of heavy iron cores utilized in electric motors.
The fundamental principle of the design is applying voltage to two capacitors on either side of a charged slab (Fig. 8) . The forces exerted on the slab by the two capacitors oppose each other and suspend the slab between them.
If an external horizontal force acts on the charged slab and displaces it to a distance x, then an opposing force acts in the opposite direction pulling the slab back between the capacitors towards a state of equilibrium. The force generated relative to the displacement, can be expressed with the following equation:
it can be observed that the force generated is proportional to 
Hence, a high force could be produced from a relatively low voltage. Applying this concept, a Rotational-Voltage-SignalPropagation (RVSP) Design is developed. The design concept aligns the capacitors in a circular orientation to achieve rotational motion. The rotational electrostatic actuator will be placed at the hip joint. As the subject applies a minimal force with the propensity to move the device, the "slab" will be displaced. The device will sense the displacement of the slab and begin to supply voltage to the next capacitors in the direction that the rotation was taking place. The previous capacitors will shut off, thus propagating the slab through the capacitors. This creates the necessary force needed to move the subject's leg safely and efficiently.
Control System
Before the EXO-LEG begins to assist the user in walking, the subject's intention to engage the device and begin walking is ascertained. Hence, the sensor inputs communicate with the device. Through the use of force sensing resistors and flex angle sensors, the coordinates, and angles of the leg during the gait cycle are monitored [ Fig. 9 ]. Figure 10 outlines the control system hardware.
A total of five inputs are used in the control system design. Two of these inputs are the angle sensors, one on the healthy leg and one on the weak leg, as well as two pressure sensors at the heel of the healthy foot and weak foot. A switch is used to turn on and turn off the EXO-LEG. With these five inputs, the EXO-LEG ensures safety for the patient.
To actuate the motor, the following set of commands must be executed: (1) Healthy Leg Heel Strike, (2) Healthy Leg Hip Angle Reading exceeding a threshold of 20 Degrees, and (3) Weak Leg Heel Pressure equal to zero. With these commands, the crank rocker mechanism actuates. It is set to a pre-determined motion based off of the specifications of the subject. However, in order to assure the patients safety, if the reading at the sensor at the hip of the weak leg goes pass 30 degrees, then the crank rocker and the EXO-LEG system will immediately shut down.
If the hip angle reading on the weak leg is within the specified range then the patient will begin the loop for gait. However, if at any time the patient wishes to stop the cycle of gait the switch is hit once again. This will then tell the system to complete one more full cycle of the crank rocker. After this is accomplished, the command will be given to stop the motor. The system will then by in standby mode. If the patient pushes the switch once again this will tell the control system to shut down the EXO-LEG and turn off the motor.
An on-board CSTAMP microprocessor is integrated to the system. It communicates with the motor via a DC Brushless Motor Controller module, that uses pulse width modulation to control the speed of the motor throughout the gait cycle. All electrical components are powered with a custom rechargeable lithium-ion battery pack consisting of 64 Li-ion cylindrical cells operating at 29.6V, and provides 17.7Ah. At 6.6 pounds, the battery pack remains portable, and provides the EXO-LEG with approximately an hour of continuous gait assistance before recharging. All control system components are mounted in a backpack 
CONCLUSION
Exoskeletons are becoming a more viable option for people with lower extremity weakness. Using mechanical linkages, the EXO-LEG utilizes one motor to provide the necessary force to actuate the hip and knee movement. A Rotational-VoltageSignal-Propagation (RVSP) Design for electrostatic motor is also discussed.The device compensates for foot drop with an ankle orthosis design which supports the foot throughout gait. In the control system, a set of required inputs ensure safety to the user.
